Interferon Regulatory Factor 5 (IRF5) plays an important role in limiting pathogenic infection and tumor development. Host protection by IRF5 can occur through a variety of mechanisms including production of type I interferon and cytokines as well as the regulation of cell survival, growth, proliferation, and differentiation.
INTRODUCTION
Protein synthesis is a process essential for cell survival, however it is a function that renders the cell vulnerable to changes in nutrient availability and viral replication. As a result, safeguards are in place to ensure coordination between cell activity and environmental conditions. Many of these protective measures surround the rate-limiting, initiation step of mRNA translation.
During mRNA translation initiation, the ribosomal subunits are recruited in stages to the translation start site by eukaryotic initiation factors (eIFs) that form the translation initiation complex (TIC). Central to this process is the m 7 GTP-binding protein, eIF4E, which binds the 5'-cap of mRNA transcripts; eIF4A, a helicase that unwinds RNA secondary structure; and eIF4G, a scaffolding protein that binds both eIF4E and eIF4A as well as other factors important for mRNA translational regulation including the eIF3 complex (1) (2) (3) (4) . eIF3 is responsible for TIC recruitment of the 43S preinitiation complex which is comprised of the 40S ribosomal subunit, eIF2 bound by GTP, and the initiator methionyl-tRNA (Met-tRNAi) (5, 6) .
Upon recruitment, 40S ribosomal scanning commences and subsequent recognition of the start codon by Met-tRNAi results in eIF2-GTP hydrolysis and its release of Met-tRNAi as well as departure from the TIC along with eIF3 thereby facilitating 60S ribosomal recruitment and downstream protein synthesis (5, 7) . eIF2-GDP can be recycled for additional rounds of translation initiation, but only following the GDP-for-GTP exchange catalyzed by the guanine nucleotide exchange factor, eIF2B (8) .
Additionally, four different mammalian eIF2 kinases (eIF2AKs) exist which can phosphorylate eIF2 on Ser51 and prevent guanine nucleotide exchange resulting in inhibition of translation initiation (9, 10) . These eIF2AKs include General Control Nonderepressible 2 (GCN2), Protein Kinase R (PKR), PKR-like Endoplasmic Reticulum Kinase (PERK), and Heme-Regulated Inhibitor (HRI) and each of these kinases act as an environmental sensor to different sets of stimuli (9, 10) . GCN2 is activated in response to unbound tRNAs and certain RNA viruses and can therefore provide protection against amino acid deprivation and infection, respectively, by conserving the supply of amino acids and shutting down the translational machinery required for viral replication (11) (12) (13) .
In addition to inhibiting the mRNA translation rate, GCN2 (like other eIF2AKs) upregulates an adaptive gene expression program known as the integrated stress response (ISR) (14) . Central to the regulation of the ISR is the transcription factor, ATF4. ATF4 promotes the transcription of many target genes including those involved in nutrient uptake and metabolism, protein folding, and cell survival as well as other transcription factors that further regulate a broad array of biological processes (15) (16) (17) (18) (19) .
ATF4 also directly promotes upregulation of GADD34, an eIF2 phosphatase that stimulates translational de-repression during cell stress and thereby facilitates protein synthesis of ISR-related genes (20) .
Protein expression of ATF4 is tightly regulated and mRNA translation is paradoxically triggered by eIF2phosphorylation (21) . An upstream open reading frame (uORF) present within the ATF4 mRNA transcript hinders translation initiation at the ATF4 translation start site when levels of Met-tRNAi-eIF2-GTP (collectively known as ternary complex) are abundant (21) . However, when less ternary complex is available, prolonged ribosomal scanning occurs allowing for uORF bypass and translation of the ATF4 coding sequence (21) .
IRF5 is a transcription factor that responds to pathogenic infection, DNA damage, and death receptor (DR) signaling, and therefore may also be viewed as a regulator of certain forms of cell stress (22) (23) (24) (25) (26) . Ligand binding by the pattern recognition receptors, Toll-like receptor (TLR) 7 and TLR9, as well as binding of DR4/5 by TNF-related Apoptosis-inducing Ligand (TRAIL) leads to downstream signaling which activates IRF5 (24, 27, 28) . IRF5 activation results in dimerization and nuclear translocation where it promotes transcription of type I interferon (IFN), pro-inflammatory cytokine, and apoptosis-related genes (29,30). While the role of IRF5 in the nucleus is well characterized, a recent report described a cytoplasmic function of IRF5 unrelated to transcription thereby suggesting that more insight is needed into the way IRF5 regulates various cellular processes (31).
In support of this idea, we report here a novel interaction between IRF5 and multiple TIC components including eIF4G and eIF4A, but not the m 7 GTP binding protein, eIF4E. Furthermore, we demonstrate that IRF5 promotes mRNA translation of ATF4 during amino acid deprivation resulting in enhanced expression of ATF4 target genes, protein synthesis, and altered ISR gene signature. Our work provides a broader understanding of the way in which IRF5 influences cell stress responses. Mass spectrometry analyses  of  IRF5  immunoprecipitation reactions suggested associations between IRF5 and several RNAbinding proteins implicated in mRNA translation including 40S ribosomal proteins, translation elongation factors, putative IRES-transacting factors (ITAFs), and RNA helicases (Table S1 ) (32, 33) . Amongst the RNA helicases identified was the translation initiation factor (TIF), eIF4A. Given the importance of translation initiation in the regulation of protein synthesis , we initially focused on identifying and characterizing interactions between endogenous IRF5 and members of the TIC (34).
RESULTS

IRF5 interacts with the translation initiation complex independently of eIF4E-
We used cell lysates from multiple cell lineages to perform immunoprecipitation (IP) of endogenous eIF4G, eIF4A, and PABP to assess interaction with endogenous IRF5. Chemical crosslinking with 1% formaldehyde prior to cell lysis was utilized to prevent the formation of spurious interactions between IRF5 and TIFs in vitro.
We observed that IRF5 coimmunoprecipitated with eIF4G, eIF4A, and PABP across all cell lines tested (Fig. 1a-c) . We further confirmed these interactions by performing co-IP experiments using lysates (without crosslinking) derived from HEK293T cells co-expressing either HA-tagged eIF4G and FLAG-tagged IRF5 (full-length; IRF5-V5) (Fig.  1d) , or HA-tagged IRF5-V5 and either FLAGtagged eIF4A (Fig. 1e) or FLAG-tagged PABP (Fig. 1f) . Interestingly, we were unable to detect any such interaction between IRF5 and the m 7 GTP-cap binding protein, eIF4E, despite robust pull-down of the target protein ( Fig. 1g-i) , the use of antibodies recognizing distinct eIF4E epitopes (Fig. S1a) , or the use of m 7 GTPcoupled sepharose beads (Fig.  S1b) . Collectively, these data suggest that IRF5 interacts with the TIC independently of eIF4E.
IRF5 mRNA transcripts are expressed as different isoforms, but structural variability of IRF5 protein resides solely within exon 6 amongst the most common isoforms (35,36). Structural variability in exon 6 is based upon the combination of a 30-base pair insertion/deletion (indel) polymorphism and an alternative splice site that results in loss of the first 48 base pairs of exon 6 ( Fig. S2a) (35) . To investigate whether structural variability in IRF5 would impact IRF5 association with the TIC, we coexpressed HA-tagged eIF4G with four of the most common FLAG-tagged IRF5 variants (V1, V2/V6, V3/V4, and V5) in HEK293T cells (Fig.  S2b) . The scaffolding protein, eIF4G, which interacts with both eIF4A and PABP during translation initiation was used as a proxy during the examination of TIC-IRF5 variant interaction (37,38). We found no evidence that the IRF5 exon 6 indel or splice pattern influenced association with eIF4G (Fig. S2b) . This may suggest that the interaction between IRF5 and eIF4G occurs outside of IRF5 exon 6 or is not sufficiently altered to disrupt such interactions.
IRF5 binds the MIF4G domain of eIF4G-The eIF4G domains in which eIF4A, PABP, eIF3, and MAPK-interacting kinase 1 (MNK1) interact with the scaffolding protein are well characterized (39-43). To map the domain required for IRF5 and eIF4G interaction, we coexpressed plasmids encoding full-length or truncated HA-tagged eIF4G mutants (Fig. 2a) with FLAG-tagged IRF5-V5 in HEK293T cells.
Co-immunoprecipitation data demonstrate that only eIF4G truncation mutants which contain the middle domain of eIF4G (MIF4G) possess the ability to bind IRF5 (Fig. 2b) .
The eIF4G homologue, DAP5 (p97/eIF4G2) lacks the N-terminal eIF4E binding region that eIF4G possesses, but contains a MIF4G domain in similarity to one found in eIF4G (44,45).
Therefore, we hypothesized that IRF5 may also interact with DAP5.
Indeed, HA-tagged IRF5 coimmunoprecipitated with FLAG-tagged DAP5 (Fig. 2c) , further demonstrating that the interaction between IRF5 and the TIC is mediated through the MIF4G and independently of eIF4E.
Because the MIF4G domain also mediates interaction with RNA, we incubated the co-immunoprecipitation reactions with RNase A to exclude the possibility that our findings were the result of an indirect interaction between RNA and IRF5 (46) . We observed that RNase A treatment had no effect on IRF5 interactions with DAP5 (Fig. 2c) or eIF4G (Fig.  S3a) , indicating that the association between IRF5 and the MIF4G domain is the result of a protein-protein interaction. Similarly, RNase A treatment did not disrupt HA-tagged IRF5 coimmunoprecipitation of either FLAG-tagged eIF4A (Fig. S3b) or FLAG-tagged PABP (Fig.  S3c) when co-expressed in HEK293T cells, suggesting that those associations are also the result of protein-protein interactions.
IRF5-TIC interaction is associated with increased protein synthesis-To determine the functional effects of IRF5-TIC association, we used Irf5 -/-mouse embryonic fibroblasts (MEFs) to establish a genetically homogeneous cell line stably expressing HA-tagged human IRF5-V5 (denoted hereafter as IRF5(-) and IRF5(+), respectively) (47). IRF5-V5 shares 86% identity with the primary mouse IRF5 variant, and therefore, we expected that this would have no impact on the ability of IRF5 to interact with the TIC (48) . To test whether we could re-capitulate IRF5-TIC interactions in MEF cells, we immunoprecipitated endogenous DAP5, eIF4A, and PABP from IRF5(+) cell lysates and measured interaction with HA-tagged IRF5. Western blot revealed that IRF5 interaction occurred between DAP5, eIF4A, and PABP in cells incubated in complete media (Fig. 2d) . Because IRF5 interacted with the TIC independently of eIF4E, we also tested whether the IRF5 interaction with the TIC was sensitive to amino acid deprivation, a stress condition in which m 7 GTP-cap-independent mRNA translation is induced (49) .
We similarly demonstrated interaction between IRF5 and DAP5 as well as eIF4A, however we did not detect binding to PABP (Fig. 2d) . We also tested the ability of HA-IRF5 to interact with eIF4E in MEFs by m 7 GTP pull-down. Consistent with our previous results obtained in human cell lines, we did not observe any interaction between HA-IRF5 and eIF4E in complete media or following incubation in Earle's balanced salt solutions (EBSS) (Fig. 2e) . These results suggest that IRF5 interacts with the TIC independently of eIF4E in MEFs in a manner similar to that observed in human cell lineages.
To determine the impact of IRF5 on global translational activity, we measured mRNA translation rates in MEFs cultured in complete media or EBSS (Fig. 3a) using a nonradioactive method of puromycin incorporation (50) . Remarkably, IRF5(+) MEFs exhibited higher rates of mRNA translation compared to IRF5(-) MEFs in complete media (1.7-fold, P < 0.05) and following amino acid deprivation (4.8-fold, P < 0.0001) (Fig. 3a, b) . Amino acid deprivation with EBSS reduced protein synthesis in IRF5(-) MEFs an average of 2.9-fold (P < 0.05) versus no change in IRF5 (+) MEFs (Fig.  3b) . To examine whether structural variability in IRF5 exon 6 influences these changes in protein synthesis, we compared mRNA translation rates of IRF5(-) MEFs stably expressing either IRF5-V1, IRF5-V2/V6, or IRF5-V3/V4 to IRF5-V5 and IRF5(-) MEFs. Consistent with our earlier finding that IRF5 exon 6 structural variability has no impact on eIF4G interaction, we found that MEFs expressing IRF5 exon 6 structural variants yielded a comparable rate of mRNA translation to IRF5-V5 and a higher rate relative to IRF5 (-) MEFs (Fig. S4a-c) .
In complete media, the slight increase in mRNA translation rate occurred without alteration in mTOR activity, as indicated by the similar levels of 4E-BP1 and RPS6 phosphorylation between IRF5(-) and IRF5(+) MEFs (Fig. S4d) (51) . In the presence of nutrient deprivation, IRF5(+) MEFs sustained protein synthesis even in the absence of detectable phospho-4E-BP1 and phospho-RPS6, consistent with mTOR inhibition (Fig. S4d) . Since mTOR activity positively regulates eIF4E-cap-dependent translation via the reduction of 4E-BP1 affinity for eIF4E and thereby allowing eIF4E entry into the TIC, these data strongly suggest that mRNA translation rate in IRF5(+) MEFs is eIF4E-cap-independent (51).
Regulation of translation initiation can also occur independently of mTOR inhibition via phosphorylation of eIF2Ser51 (p-eIF2) by eIF2 kinases (52) . To explore this mechanism, we measured the level of p-eIF2in IRF5(-) and IRF5(+) MEFs from 2 hours to 5 hours following amino acid deprivation. Consistent with previous experiments, IRF5(+) MEFs demonstrated increased levels of protein synthesis compared to IRF5(-) MEFs at all time points evaluated (Fig. 3c) . Furthermore, the increased protein synthesis observed in IRF5(+) MEFs was correlated with lower levels of peIF2Therefore, the data suggest that IRF5-dependent changes in mRNA translation rate are associated with p-eIF2 status.
IRF5 promotes mRNA translation of ATF4 and ATF4-dependent targetsPhosphorylation of eIF2by the eIF2 kinase, GCN2, during the ISR results in translation of ATF4 mRNA transcripts followed by upregulation of ATF4-dependent target genes including GADD34 (20) . GADD34 is an eIF2 phosphatase that induces protein synthesis under stress (20, 53) . Therefore, we hypothesized that IRF5-dependent protein synthesis observed in Fig. 3 and Fig. S4 may be the result of ATF4 mRNA translation. We cultured IRF5(-) and IRF5(+) MEFs in EBSS for up to 12 hours and observed increased up-regulation of ATF4 as early as 15 minutes and as late as 4 hours post-EBSS in IRF5(+) MEFs (Fig. 4a) . Peak levels of ATF4 were obtained at 1 hour post-EBSS, and subsequent experiments demonstrated a mean increase of 3.6-fold over IRF5(-) MEFs (P < 0.0001) (Fig. 4b) . Using IRF5(+) MEF clones expressing different levels of HA-IRF5, we determined that EBSS-induced ATF4 protein synthesis was positively correlated with IRF5 expression (Fig. S5 ). These data demonstrate that IRF5 up-regulates ATF4 during the ISR. These data indicate that the magnitude of ATF4 mRNA translation is responsive to IRF5 expression levels during the ISR.
Additionally, expressed ATF4 was translocated to the nucleus suggestive of transcriptional activation (Fig. 4c) . Consistent with up-regulation and nuclear localization of ATF4, we observed increased expression of the ATF4-dependent target genes, GADD34 and CHOP, in IRF5(+) MEFs (Fig. 4a) . Furthermore, up-regulation of GADD34 correlated with decreased p-eIF2similar to that shown in Fig. 3c . Unlike ATF4 expressed in MEFs, we did not observe increased IRF5 nuclear translocation following culture in EBSS (Fig. 4c) . A similar result was obtained by immunofluorescence staining of IRF5(+) MEFs in response to EBSS where the majority of IRF5 remained concentrated in the cytoplasmic compartment (Fig. S6) . These data suggest that IRF5 is not activated by EBSS but is still able to up-regulate critical mediators of the ISR.
Since IRF5 is a transcription factor and a fraction is constitutively found within the nucleus (Fig. 4c) , we evaluated whether IRF5 promoted transcription of the Atf4 gene by culturing MEFs for up to 2 hours in EBSS. We did not observe significant changes in Atf4 mRNA expression from baseline in either IRF5(-) or IRF5(+) MEFs (Fig. 4d) . Nor did we observe any significant changes in Atf4 mRNA expression between IRF5(-) and IRF5(+) MEFs at corresponding timepoints (Fig. 4d) . These results suggest that IRF5 does not up-regulate ATF4 at the transcriptional level. To further explore this effect and determine whether IRF5 may regulate ATF4 expression at the level of mRNA translation, we pre-treated IRF5(-) and IRF5(+) MEFs in culture media for 1 hour with either an RNA synthesis inhibitor (actinomycin D; ActD), a protein synthesis inhibitor (cycloheximide; CHX), or DMSO (negative control) and then cultured cells for 30 minutes or 1 hour in EBSS containing fresh inhibitor. In agreement with data obtained in Fig. 4a -c, IRF5(+) MEFs treated with DMSO expressed higher levels of ATF4 compared to DMSOtreated IRF5(-) MEFs (Fig. 4e) . Consistent with ATF4 regulation at the level of mRNA translation and the lack of IRF5 nuclear translocation, ATF4 protein synthesis in both IRF5(-) and IRF5(+) MEFs was unaffected by ActD treatment. However, ActD did inhibit transcription elongation as indicated by phosphorylation of p53 (Fig. 4e) (54) . In contrast to ActD, treatment of IRF5(-) and IRF5(+) MEFs with CHX completely inhibited ATF4 expression in both cell lines (Fig. 4e) . When considered together with our finding that IRF5 associates with the TIC, the data strongly suggest that IRF5 promotes ATF4 mRNA translation.
DISCUSSION
Our study establishes a new role for IRF5 in regulating gene expression. The data demonstrate that IRF5 enhances expression of ISR-related genes following amino acid deprivation, and unlike previous reports of transcriptional control by IRF5, we determined that increased ATF4 up-regulation was at the level of mRNA translation (Fig. 5) . Increased ATF4 expression in IRF5(+) MEFs resulted in higher levels of downstream ATF4-dependent targets, including GADD34 and CHOP, compared to those observed in IRF5(-) MEFs. Like ATF4, GADD34 and CHOP mRNA transcripts contain uORFs located within the 5'-leader region that negatively regulate translational efficiency under non-stress conditions, however activation of the ISR results in ribosomal bypass of uORFs and increased translation of the downstream coding region (55) (56) (57) . While some aspects governing this process are known, the precise regulatory mechanisms are not defined. In our study, we detected ATF4, GADD34, and CHOP protein expression at earlier time points in IRF5(+) MEFs following amino acid deprivation. Additionally, baseline ATF4 and GADD34 levels were also higher compared to those observed in IRF5(-) MEFs. Therefore, our data may suggest that IRF5 facilitates ribosomal recruitment to alternative translation start sites such as those found in ATF4, GADD34, and CHOP thereby increasing their protein synthesis and conveying increased cell sensitivity to changes in nutrient levels.
Along these lines, we showed that IRF5 associates with the TIC including the scaffolding proteins, eIF4G and DAP5. Furthermore, we demonstrated the importance of the MIF4G domain for facilitating this interaction. The MIF4G domain contains binding sites for the eIF3 complex as well as eIF4A, which we also established as an interaction partner of IRF5 (44). The eIF3 complex is responsible for 40S ribosomal recruitment and is a structure homologous to the COP9 signalosome (CSN) (58) . Interestingly, an interaction between IRF5 and CSN was described in a previous report (59) . Our findings may indicate that IRF5 possesses affinity for structures bearing similarity to CSN (e.g. eIF3) and may interact with the TIC via this complex.
During our effort to define IRF5-TIC interactions, we were unable to establish any association between IRF5 and the m 7 GTPbinding protein, eIF4E, which promotes capdependent mRNA translation (1,4) . However, we cannot rule out the possibility that IRF5 may interact with other cap-binding proteins instead of eIF4E.
Additionally, 4E-BP1-mediated repression of eIF4E-eIF4G interaction does not appear to explain incorporation of IRF5 into the TIC, since we observed IRF5-eIF4G interaction following culture in complete media when 4E-BP-1 affinity for eIF4E is lowest (60) . Although we demonstrated that IRF5 interacts with DAP5 which does not contain an eIF4E binding region, we cannot eliminate the possibility that IRF5 binding to the MIF4G domain of eIF4G interferes with eIF4E binding. Cap-dependent mRNA translation is the predominant mode of protein synthesis used for a variety of cell functions including growth and proliferation (61) . However, different forms of cell stress trigger shut-down of this process and cap-independent mRNA translation then enables up-regulation of specific genes important for mediating the cell stress response (62) . In addition to alternative ORFs, certain mRNA transcripts reportedly contain cis-regulatory elements known as internal ribosomal entry sites (IRESs) that are regulated by transacting factors which promote translation initiation of stress response genes (62) . In our study, we detected multiple putative IRES transacting factors by IPmass spectrometry in association with IRF5 including Splicing Factor Proline-Glutamine Rich (SFPQ), Interleukin Enhancer Binding Factor 2 (ILF2), and members of the heterogenous nuclear ribonucleoprotein (hnRNP) family (63) (64) (65) (66) (67) (68) . Coupled with the lack of interaction observed between IRF5 and eIF4E, this may suggest that IRF5 regulates mRNA translation via cap-independent mechanisms.
IRF5 over-expression is associated with multiple autoimmune diseases including systemic lupus erythematosus (SLE) and systemic sclerosis (SSc) (69, 70) . The role for IRF5 in disease pathogenesis is often associated with the increased production of type I interferon and pro-inflammatory cytokines (71) (72) (73) . While dysregulation of type I interferon and cytokines frequently accompany these conditions, the true etiology is unknown. These complex diseases are multifactorial and the result of both genetic and environmental factors. Our finding that IRF5 regulates the ISR in response to amino acid deprivation requires further investigation within the context of human disease and will take into consideration other forms of cell stress that trigger the ISR such as the accumulation of unfolded proteins and dsRNA which activate PERK and PKR, respectively (14) . These studies may provide new insight into the significance of changes in GADD34 expression and CHOP activation that have been reported in autoimmune disease patient cells.
EXPERIMENTAL PROCEDURES
Reagents and AntibodiesCycloheximide (50 μL/mL; 239765) and nuclear extraction kits (2900) were purchased from EMD Millipore; Actinomycin D (5 μg/mL; A1410), RNase A (10 μg/mL; R4642), and DMSO (D2438) were purchased from Sigma; Cell culture grade DMSO was purchased from Sigma-Aldrich. Antibodies against FLAG (8146S), HA (3724S), 4E-BP1 (9644S), 4E-BP1 pSer65 (9451S), RPS6 (2217S), RPS6 pSer235-236 (4857S), eIF2 (2103S), ATF4 (11815S), CHOP (28955), p53 pSer15 (12571P), and p53 (2524S) were all purchased from Cell Signaling Technology; Antibodies against eIF2pSer51 (ab32157), eIF4A1 (ab31217), eIF4E (ab1126), IRF5 (ab21689), IRF5 (ab2932), PABP (ab21060), -Tubulin (ab7291), and TATAbinding protein (TBP; ab818) were from Abcam; Antibodies against eIF4G1 (RN002P) and eIF4G2/DAP5 (RN003P) were from MBL International; Antibodies against GADD34 (10087-304) were from Protein Tech; Purified rabbit IgG (12-370 was from Millipore; Normal Rabbit Serum (ab166640) was from Abcam. Horseradish Peroxidase (HRP)-conjugated mouse IgG (HAF018), rabbit IgG (HAF008) or goat IgG (HAF109) were purchased from R&D.
Cell Culture-HEK293T, THP1, and BJAB cells were originally obtained from ATCC (CRL-3216, TIB-202). IRF5 -/-MEF cells were originally obtained from Dr. Tak Mak, University of Toronto, Ontario, Canada, and developed as described (47, 74, 75 (76) . Nterminal HA-tagged eIF4G1 plasmids were generated using pcDNA3 vector as previously described (77) . FLAG-eIF4A and FLAG-PABP expression vectors were obtained from GenScript. Detailed information is provided in the Supplemental Experimental Procedures.
Whole Cell Lysates and Immunoblotting-Cytoplasmic & nuclear extracts were generated via a nuclear extraction kit (EMD Millipore, 2900) according to protocol. Cells or cell extracts were washed in cold PBS and lysed with RIPA or NP40 lysis buffer (20 mM Tris-HCl, 137 mM NaCl, 2 mM EDTA, pH 8, 10% glycerol, 1% NP40) containing protease and Halt phosphatase inhibitors (EMD Millipore and Pierce, respectively). Protein concentrations were determined by Qubit assay (Life Technologies). Proteins were denatured in 2X SDS loading buffer and heated to 100°C for 5-10 min. Proteins were eluted by SDS-PAGE and analyzed by immunoblotting as indicated.
Co-Immunoprecipitation-To coimmunoprecipitate endogenous proteins, cells were first cross-linked with 1% formaldehyde (final volume) for 5 min at room temperature. Formaldehyde was then neutralized with 0.125 M glycine (final volume) and cell pellets washed twice with cold PBS prior to lysis with NP40 lysis buffer described above. Experiments using HA-and FLAG-tagged proteins were performed as described above without cross-linking. Protein concentrations were determined by Qubit assay and used to balance loading of immunoprecipitation reactions; a total of 1000 μg of cell lysate was brought to a volume of 500 μL in NP40 lysis buffer. Lysates were pre-cleared with 30 μL of protein A/G magnetic beads (EMD Millipore) prior to immunoprecipitation with antibody-coated protein A/G magnetic beads. Reactions were incubated overnight with rotation at 4°C and then washed five times with NP40 lysis buffer followed by elution with 2X SDS loading buffer. Samples were heated to 100°C for 5 minutes followed by SDS-PAGE. Antibodies to eIF4G1 (RN002P) and eIF4G2 (RN003P) were from MBL International and were used at 15 μg/IP; anti-eIF4A1 (ab31217), anti-PABP (ab21060), and anti-IRF5 (ab2932) were from Abcam and used at 15 μg/IP; anti-eIF4E (ab1126) was also from Abcam but used at 3 μL/IP; anti-FLAG (8146S) and anti-HA (3724S) were from Cell Signaling Technology and were used at 3 μg/IP; purified rabbit IgG (millipore) or normal rabbit serum (Abcam) were used as isotype controls in an amount equivalent to the target-specific antibody.
Affinity Purification and Liquid Chromatography-Mass Spectrometry AnalysisCo-immunoprecipitation and protein elution were performed as described above. Proteins were resolved, then processed for and analyzed by LC-Mass Spectroscopy as previously described (78). Detailed information is provided in the Supplemental Experimental Procedures.
7-methyl GTP-Sepharose Binding Assay-7-methyl GTP (m 7 GTP) sepharose (Jena Bioscience) and sepharose (Sigma) resins were blocked by pre-incubating in 0.2M glycine with rotation at 4°C for 1 h. Cells were lysed in NP40 lysis buffer and protein concentrations quantified by Qubit assay. A total of 500 μg of protein and 60-μL volume of m 7 GTP sepharose or sepharose resin were brought to a final volume of 500 μL with binding buffer (50 mM Tris-HCl, 30 mM NaCl, 2.5 mM MgCl2, pH 7.5, 5% glycerol, 0.1% 2-mercaptoethanol). Pulldown reactions were incubated overnight with rotation at 4°C. Reactions were washed five times with binding buffer and eluted with 2X SDS loading buffer by boiling for 5-10 min. Eluted proteins were resolved by SDS-PAGE and immunoblotting.
SUnSET Assay-SUnSET Assay was used to puromycinylate translated proteins as previously described (50) .
Immunofluorescence
MicroscopyMEFs were cultured on cover slips at 37°C. Cells were fixed in 4% paraformaldehyde for 10 min followed by three rinses with PBS. Cells were permeabilized with 0.1% Tween-20 and rinsed with PBS prior to blocking with 5% normal donkey serum for 20 min. Primary antibodies to monoclonal rabbit anti-HA (Cell Signaling Technology; 3724S) and monoclonal mouse anti-5.8S rRNA (Life Technologies; MA1-13017) were incubated overnight at 4°C in a humidified chamber at a concentration of 1:3200 and 1:100, respectively. The next day slides were rinsed and incubated for 45 min at room temperature with Alexa Fluor 488-conjugated donkey anti-rabbit and Cy3-conjugated donkey anti-mouse secondary antibodies (Jackson ImmunoResearch Laboratories; 711-546-152, 705-167-003) at a concentration of 1:2400 and 1:1200, respectively. Cells were rinsed with PBS and stained with DAPI (1:600) for 2 min. Cells were rinsed a final time with PBS and cover-slipped prior to imaging with a Zeiss LSM710 confocal laser-scanning microscope.
Gene expression analysis by RT-PCRCells were treated as described and total RNA extracted using an RNA Clean and Concentrator kit-25 (Zymo Research; R1017) according to manufacturer's instruction to purify total RNA. RNA concentrations were measured by Qubit BR assay (Life Technologies; Q10211) and evenly loaded into reverse transcription (RT) reactions for conversion to cDNA using an iScript cDNA Synthesis Kit (Bio-Rad; 170-8891). Equal volumes of each sample were loaded into RT-PCR reactions that were performed in triplicate using RT 2 SYBR Green qPCR master mix (Qiagen; 330502) and validated primer sets to target genes (Integrated DNA Technologies); primer sequences are available upon request. Relative ATF4 expression was determined via the ΔΔCT method by normalization to β-actin and GAPDH using CFX Manager Software (Bio-Rad).
Statistical analysis-All quantified data are presented as the mean ± SEM of at least five independent experiments. GraphPad Prism (V7.02) software was used for statistical analysis. Statistical test implemented and resulting P-values are as indicated. Grubbs' test was used for outlier detection.
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Feng, D., Sangster-Guity, N., Stone, R., Korczeniewska, J., Mancl, M. E., Fitzgerald-Bocarsly, P., and Barnes, B. J. , and PABP and analyzed by immunoblotting as indicated. DAP5 levels were below the limit of detection within input samples due to insufficient protein abundance relative to the percentage of input saved per reaction. E, IRF5(-) and IRF5(+) MEFs were incubated in complete media or EBSS for 2 h prior to cell lysis and lysates were subjected to m 7 GTP sepharose pull-down followed by immunoblotting as indicated. (A-E) All results are representative of n=3 independent experiments. FIGURE 3. IRF5 increases the rate of mRNA translation. A, IRF5(-) and IRF5(+) MEFs were incubated in complete media (CM) or EBSS for a total of 2 h. At 1 hr prior to harvest, MEFs were incubated with 100 ug/mL puromycin, and then cell lysates were subjected to immunoblotting with a puromycin antibody. Data are representative of n=6 independent experiments. (B) Experiments were performed as in A and mRNA translation rates were quantified by the ratio of puromycin to -tubulin band intensity. Data are representative of n=6 independent experiments. * P < 0.05, **** P < 0.0001 by Tukey's multiple comparison test. (Note: 1 suspected outlier more than 3 standard deviations greater than the mean was identified by Grubbs' test (=0.05) in IRF5(+) CM-treated group and removed.) (C) IRF5(-) and IRF5(+) MEFs were cultured in EBSS as indicated, then mRNA translation rates were measured by puromycinylation as described in A. Results are representative of n=2 independent experiments. FIGURE 4. IRF5 promotes ATF4 mRNA translation and up-regulates ATF4-dependent target genes. A, IRF5(-) and IRF5(+) MEFs were cultured in EBSS as indicated and cell lysates were analyzed by immunoblotting. Results are representative of n=3 independent experiments. B, IRF5(-) and IRF5(+) MEFs were cultured in EBSS for 1 h and cell lysates were analyzed by immunoblotting. ATF4 protein expression was quantified the ratio of ATF4 to a-tubulin band intensity. Data are representative of n=3 independent experiments. **** P < 0.0001 by unpaired t-test. C, IRF5(-) and IRF5(+) MEFs were cultured in EBSS as indicated and cytoplasmic and nuclear lysates were analyzed by immunoblotting. Results are representative of n=3 independent experiments. D, Total mRNA was isolated from IRF5 (-) and IRF5(+) MEFs cultured in EBSS for the indicated times. Samples were analyzed in triplicate by RT-PCR. Atf4 mRNA expression was normalized to Gapdh and Actb and is displayed as mean ± SEM. Data is the result of n=3 independent experiments. E, IRF5(-) and IRF5(+) MEFs were either left untreated or pre-treated with DMSO, ActD (5 μg/mL), or CHX (50 μg/mL) for 1h, then cultured in EBSS for 0.5 h or 1 h supplemented with DMSO, ActD (5 μg/mL), or CHX (50 μg/mL). Immunoblotting of cell lysates was performed as indicated. Results are representative of n=3 independent experiments.
FIGURE 5. Model of IRF5-dependent regulation of the ISR.
Uncharged tRNAs bind to GCN2 inducing its activation during amino acid deprivation. GCN2 then phosphorylates eIF2 leading to a slower rate of ternary complex recruitment to the TIC and subsequent ribosomal bypass of the negative regulatory element in the ATF4 5' leader region. IRF5 association with the TIC may facilitate this process resulting in enhanced ATF4 mRNA translation. Increased ATF4 upregulates expression of the ATF4-dependent target genes, CHOP and GADD34. Higher levels of GADD34 augments the negative feedback loop that promotes translational de-repression during the ISR. 
